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Abstract

A piloted flight simulator called the Ice
Contamination Effects Flight Training Device
(ICEFTD), which wuses low cost desktop
components and a generic cockpit replication is
being developed. The purpose of this device is to
demonstrate the effectiveness of its use for
training pilots to recognize and recover from
aircraft handling anomalies that result from
airframe ice formations. High-fidelity flight
simulation models for various baseline (non-iced)
and iced configurations were developed from
wind tunnel tests of a subscale DeHavilland
DHC-6 Twin Oftter aircraft model. These
simulation models were validated with flight test
data from the NASA Twin Otter Icing Research
Aircraft, which included the effects of ice on wing
and tail stall characteristics. These simulation
models are being implemented into an ICEFTD
that will provide representative aircraft
characteristics due to airframe icing. Scenario-
based exercises are being constructed to give an
operational-flavor to the simulation. Training

pilots will learn to recognize iced aircraft
characteristics from the baseline, and will
practice and apply appropriate recovery

procedures to a handling event.

1.0 Introduction

In response to a White House Initiative to
reduce aviation accidents, NASA formed the
Aviation Safety Program (AvSP) in 1999. This
seven-year program has been tasked to
reduce aviation accident rates by 80% by 2007 and
by 90% by 2017. Accident and incident reports
were analyzed to focus efforts on areas of highest
return. These studies showed that 13% of all
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weather-related accidents were due to airframe
icing.

A complementary study of twenty-four
accidents was performed by the Commercial
Aviation Safety Team (CAST) Loss of Control
Joint Safety Analysis Team to develop
intervention strategies that will reduce loss of
control accidents. Icing was a contributing factor
in three of the twenty-four accidents reviewed.
Several  highly-ranked interventions and
research recommendations addressed the need
for upset recovery training with high-fidelity
simulation and the requirement for improved
aerodynamic modeling at the stall and post-stall
region of the envelope1.

NASA Glenn’s Icing Branch has been
addressing these issues by developing a
number of tools to supplement pilot training that
consists of educational & training videos?>* and
computer-based training materials®. Additionally,
an Aircraft Icing Effects Training task, which is a
component of NASA’s System Wide Accident
Prevention Project of AvSP, is currently
underway to develop a piloted flight training
device that simulates aerodynamic icing effects
for realistic pilot training scenarios.

The Ice Contamination Effects Flight
Training Device (ICEFTD) will demonstrate a
means of training pilots for the adverse effects of
icing on airplane performance and handiing.
Currently, most flight simulators address icing
effects by increasing weight. Although this
approach will cause stall speeds to increase, it
does not account for the change in
aerodynamics resulting from ice contamination.
As a result, it does not address icing effects on
stability and controllability, and therefore does



not provide representative handling qualities due
to the icing condition being simulated.

In order to advance the flight simulator
technology, the NASA Glenn Research Center
teamed with Bihrie Applied Research and the
Wichita State University in 1998 to develop an
icing effects flight training device concept
demonstrator. The intent of this demonstrator is
to exhibit a methodology for deriving and
validating icing effects simulation models, and
provide a platform to evaluate the utility of a
flight training device for icing effects training.
Should the evaluation of such a device prove
positive, then the technology used to deveiop
this demonstrator could be a valuable addition to
other flight training simulators. By getting icing
effects into flight training simulators used for
initial and recurrent training, pilots could
experience representative icing induced aircraft
handling characteristics, especially in failure
case training scenarios. This capability will
enhance safety by allowing pilots to recognize
important visual and tactile cues associated with
an icing event, which they now only experience
for the first time in a real flight situation. As in
stall and windshear training, pilots will be better
equipped to employ the correct procedures and
techniques to affect a recovery to a safe flight
condition.

This report reviews simulation models which
were developed and validated from wind tunnel
and flight test data. It then describes icing
effects in the flight training device along with
potential training exercises for pilot evaluations,
and concludes with a summary of pilot training

goals, current accomplishments, and
suggestions for ICEFTD technology
implementation.

2.0 Development and Validation of

Simulation Models

A number of steps were taken to develop
accurate and robust icing effects flight simulation
models. The general approach was to use a
combination of experimental data from wind
tunnels (using sub-scale, complete airplane
models with ice shapes), and limited flight data
to derive aerodynamic flight characteristics.

2.1 Aircraft Selection

The first step was to select an aircraft to
simulate. The aircraft selected for this
demonstration was a DeHavilland DHC-6 Twin
Otter, which has been employed by NASA-
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Glenn as an icing research aircraft for the past
twenty years. Using this aircraft, NASA has
accumulated an extensive aerodynamic data
base that is coupled to measured in-flight icing
conditions and to testing with artificial ice
shapes®’. The Twin Otter was also used in
NASA's Tailplane Icing Program (TIP)* % °
providing flight data that forms the basis for
understanding tailplane stall phenomena and
recovery procedures as described in
Reference 2.

2.2 Ice Shape Selection

The second step was to determine ice
shape configurations to be used in the project.
To maintain an operational setting, ice shapes
were developed for a failed ice protection
system scenario using the NASA ice accretion
code, LEWICE 20. The icing conditions
selected for this scenario simulate a 22 %
minute hold, and are listed in Table 1 below.

Table 1: Icing Conditions for LEWICE

Liquid Water Content | 0.5 g/m’

Droplet Size 20 um

Total Temperature -4°C

Airspeed 120 knots

Angle of Attack 2° for wing, 0° for
tails

Icing Time 22 2 minutes

Pressure Altitude 6000 ft

These icing conditions and the full-scale 2D
coordinates of the Twin Otter wing, horizontal
tail and vertical tail were used as inputs for the
LEWICE code. The outputs from the code were
the 2D coordinates of the predicted ice shape for
each airfoil surface (see Figure 1 to Figure 4).

2.3 Wind Tunnel Tests

After determining the full scale ice shapes that
represented an operational scenario, the effort
focused on developing small-scale ice shapes for
small-scale (approximately 7%-scale) wind tunnel
models to obtain equivalent full-scale iced

aeroperformance characteristics''. The general

outcome of this effort was a set of simple stall strips
that represented the geometric height and position
of the ice horn on the suction side of the airfoil. For
the horizontal tail, the scaled ice shape was a 1/16”
square piece of balsa wood mounted on the airfoil
in a position consistent with the lower surface horn
(Figure 2). This was a substantial and critical step

in order to develop accurate simulation models.



After the ice shape development methods were
understood, a 6.5%-scale complete aircraft model
of a Twin Otter was fabricated and tested at the
Wichita State University 7'x10’ Low Speed Wind
Tunnel (Figure 5) and the Bihrle Applied Research
Large Amplitude Multi-Purpose Wind Tunnel. These
comprehensive wind tunnel tests obtained force
and moment data over a wide range of angle of
attack (-20° to +40°) and sideslips (x30°) for the
baseline (no-ice) configuration, a Horizontal Tail
lce configuration, and an All Iced (Wing,
Horizontal and Vertical Tail Ice) configuration.

2.4 Simulation Model Development

The development of a flight simulator
involves modeling external physical
contributions that act on the air vehicle to
compute a new vehicle state and presenting
observations of those states to the pilot via
visual, tactile, aural, or vestibular means. The
flight model, as discussed herein, is the
component of the simulation that implements the
physics of flight and provides state observations
to the rest of the simulator. Typical
subcomponents of the flight simulation model
are equations of motion, propulsion model,
ground reaction, aerodynamics model, and flight
control model. The development and validation
of each of these components are described in
detail in References 12 and 13. For brevity, only
a portion of the aerodynamic model is discussed
below.

AERODYNAMIC MODEL

The main effort of the flight model
development was to establish a successful
methodology for modeling the aerodynamic
effects of icing conditions. The general approach
was to use a combination of experimental data
from the wind tunnel and flight test data to derive
the aerodynamic flight characteristics. The
baseline aerodynamics model was developed
using both wind-tunnel data and flight-extracted
parameters.

The wind tunnel data were analyzed to
determine the model structural dependencies
and to insure the preservation of all nonlinear
effects. The initial definition of the basic airframe
was built from the most significant functional
dependencies, which for this aircraft were angle
of attack, angle of sideslip and flap defiection.
Increments were determined for control
deflections, dynamic damping, and power
effects.
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An example of the longitudinal component of
the aerodynamics model structure is shown in
the build up of the pitching moment. The pitching
moment coefficient modeling reflects its
functional dependencies on angle of attack,
sideslip, flap deflection, elevator deflection,
rotation rate and pitch rate. The total coefficient
is produced as a sum of several terms that are
each tabular data with the shown dependencies.

= CmBASIC(a’ B. 3t)

MTOTAL CLEAN

+AC_ (o, de, 3f)
OE

+AC,, (o, Qb/2V=SGN(B), IBl, 8f)

+AC, (o, qC/2V, 8t)

The first table, CmBASIC’ represents the static

pitching moment coefficient for the basic clean
configuration as a function of angle of attack,
sideslip angle and flap deflection. The
incremental coefficient due to elevator deflection
for the clean configuration, ACr, is modeled as

an additional table with the functional
dependencies shown. The aircraft's dynamic
damping characteristics are represented in the
next two sets of tables. The incremental pitching
moment coefficient due to rotation about the
velocity vector is modeled by the table ACr_ .

The rotational effect due to sideslip for the
longitudinal coefficients is symmetrical, such that
the increment for a positive sideslip and rotation
rate is the same as that for the same magnitude
negative sideslip and rotation rate, and has been
mechanized accordingly by the functional
dependency on the product of the rotation rate
multiplied by the sign of the sideslip angle and
the absolute value of the sideslip angle. The
body-axis pitch rate damping, ACmQ, is
mechanized as an incremental table that
is a function of pitch rate, as well as angle of
attack and flap defiection.

A similar buildup and mechanization is made
for the equations that govern the remaining
forces and moments of the no-ice baseline
configuration.

When considering the iced cases, the
model structure remained the same, but the data
within the tables differed due to the effect ice
had on the respective aerodynamics. This model
development process for the baseline and iced
configurations is represented in Figure 6.



2.5 Simulation Model Validation

Three distinct aerodynamic simulation
models resulted from the development effort —
one for each ice configuration: “No-lce”
(baseline), “Horizontal tail ice only” (ICE01), and
“All-lced” (ICE02). Each of these simulation
models required validation with flight test data.

Although NASA had some flight data for the
baseline case, no data for the specific ice shape
geometry existed to validate the iced cases.
NASA conducted a flight test to collect the full-
scale flight dynamics required for this validation
effort'*. Over 575 maneuvers were conducted in
a 29 flight hour project with the Twin Otter in the
No-lce, Horizontal tail ice, and “All-lced”
configurations (Figure 7). These maneuvers
were parsed into discrete files which were then
used in the validation effort described below.

Overdrive Equation Error Analysis

‘Overdrive’, the validation tool used in this
analysis, is a component in the Bihrle Applied
Research  D-Six®  simulation  software.
‘Overdrive’ allows the validation of the simulation
aerodynamic database against flight-extracted
data using the process illustrated in Figure 8. At
each time slice, extraction of aerodynamic force
and moment coefficients from the flight-recorded
time history occurs as shown on the right side of
Figure 8. Linear accelerations, angular rates and
angular positions are measured by the flight test
instrumentation package. Angular rates are
numerically differentiated to obtain the angular
accelerations of the vehicle. After the removal of
the inertial effects, the remainder is
nondimensionalized to calculate the
aerodynamic force and moment coefficients
experienced during flight. Also, at each time
step, flight-recorded states, such as angle of
attack, angle of sideslip, control surface
positions, etc., are used to exercise the
aerodynamic model in accordance with the
aerodynamic model specification discussed
previously. Each aerodynamic model element
(i.e., pitching moment due to elevator, etc.) is
stored and summed as prescribed in the
aerodynamic model. By over-plotting the model
predicted coefficients with the flight-extracted
total coefficients, differences can be easily
identified. Correlating the discrepancies with the
excitation of the individual elements and
parameters from the flight time history aids to
isolate potential weaknesses in the aerodynamic
model. A sample Overdrive result from a no-flap
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wing stall with the “All-lced” configuration is
shown in Figure 9.

3.0 Description of the ice
Contamination Effects Flight
Training Device - ICEFTD

A platform to integrate the icing effects
simulation models with hardware for pilot-in-the-
loop training sessions is currently being developed.
The simulation models discussed in Section 2 are
hosted by the Bihrle Applied Research D-Six®
simulation software on a PC-based computer. D-Six
uses state and pilot control inputs to calculate force
and moments in real time to provide outputs from
the equations of motion and update the graphics to
the pilot. This platform is designed to be portable
and utilize a desktop arrangement of components.
These components are four flat panel monitors that
sit on top of a desktop, a palletized pilot control and
force feedback device that slides underneath the
desktop, and two PC computers to run the software
for the training sessions (Figure 10). A prototype
version of the ICEFTD was developed for an early
demonstration and is pictured in Figure 11.

A training-tool development software called
Director will serve as an interface with D-Six and
the hardware components. Director will host the
training sessions by preparing the training pilot for
the exercises and introducing additional icing
training information to supplement the “hands-on”
training with the FTD. An instructor station with
Director designed option toggles will be used by an
instructor to implement the training exercises and
supplemental training information.

The pilot inputs used in ICEFTD are yoke and
column deflections, rudder pedal deflection, flap
deflection, and throttle position. The column has
longitudinal force feedback modeled in D-Six based
on elevator hinge moments to provide a critical cue
on icing effects. Force feedback for the yoke
(lateral) and rudder pedals is provided by spring
resistance.

Four flat panel monitors provide an out-the-
window visual scene and a replication of an
instrument panel. External views include a simple
terrain and airport scenery with options for snow
covered ground, night visuals, in-cloud obscuration
(instrument meteorological conditions), and clear air
conditions (visual meteorological conditions).
Simulation fidelity for this device will be optimized
by isolating the training pilot from the ambient
environment through the use of curtains, and
headsets.



External views of the airplane are possible and
may be utilized in a review of the training exercises.
The instrument panel will display flight and
navigation instruments so that the training pilot will
be able to fly instrument approaches as well as
other training exercises requiring precision control.

4.0 Description of Training Exercises

Three training blocks are briefly described
below to teach pilots how to recognize and
recover from iced-induced handling events.
Each block contains exercises to instill
specific knowledge to the training pilot. These
blocks and exercises are potential functions
available for an instructor to use in the
ICEFTD.

It should be noted that the Airplane Flight
Manual (AFM) for the DHC-6 prohibits the use
of more than 10 deg. of flaps when any ice
formation is known or suspected on the
hcrizontal tailplane. However, for the purpose
of training and technology demonstration, this
limitation is ignored. It should also be noted,
that the training exercises and scenarios
presented herein were generated for the
express purpose of evaluating the ICEFTD.
Implementation of this technology in a full
flight simulator would likely be done in
accordance with a training syllabus tailored to
regulatory requirements, aircraft type, and
operator needs.

4.1 Introduction and Basic Flying Qualities
Training pilots will receive an overview
briefing from the instructor, which will include
effects of icinq on the Twin Otter's handling
characteristics'>. Initially, pilots will fly the
simulator in its No-lce mode, to become
familiar with basic handling characteristics and
instrument approach procedures. This
training will be flown in visual meteorological
conditions (VMC) during the handling
exercises, and in both VMC and instrument
meteorological conditions (IMC) for the
approaches. Specific exercises will include:
. Takeoffs and departures
2. Cruise flight, turns to headings, climbs
and descents, slow flight, stalls, and
steep turns. '

3. Precision, non-precision approaches

and missed approach.

The use of the VMC mode will augment
sirnulator fidelity, and help reinforce in the
pilot's mind, normal aircraft response and
handling characteristics. IMC to VMC
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transitions during approaches will provide
further realism to the training exercises.

4.2 Icing Effects on Aircraft Handling

One of the benefits of this icing effects
flight training device is the ability to make
immediate changes in the flying
characteristics due to icing at any point in a
training session. This provides the opportunity
for a pilot to execute a maneuver in a No-Ice
configuration, and then repeat that same
maneuver in an “iced” configuration.

During this block of training, the instructor
will begin the “icing” simulation in stages (No-
ice, tail only, then “all iced”), allowing the
training pilot to see the progressive
deterioration in aircraft handling as a function
of flap position, speed, and power setting.
The training pilot will perform the following
series of tasks, and comment on flight
characteristics during the execution of each
task:

1. Pitch doublets: performed in each fiap
configuration at Ve or as designated
by the instructor. These maneuvers
will acquaint pilots with the changes in
control response and damping
characteristics in each critical icing
configuration.

2. Flap transitions: wing flap position in
the Twin Otter has a significant effect
on aircraft handling with ice on the
horizontal tail surfaces. This
simulation will demonstrate how icing
affects trimmability and handling at
each flap position, and will provide
significant tactile and visual
recognition cues.

3. Speed transitions: these maneuvers
will be flown with approach and
landing flap settings, beginning at 1.1
V, with a slow acceleration to Vee. As
speed is increased, pilots will
experience tactile feedback in the
control column, and will associate this
with an icing configuration.

4. Turns to headings during flap
extension/retractions: these
maneuvers will demonstrate how icing
can affect precision aircraft control
while maneuvering.

5. Power effects: by gradually increasing
thrust from a power for level flight
condition to maximum thrust available
in the takeoff, approach, and landing
flap  configurations, pilots  will




experience how power is coupled to
pitch control. Tail stalls will be
experienced in the landing
configuration, and the importance of
power reduction during recovery will
be emphasized.

6. Slow Deceleration to Stall: 1 knot/sec
deceleration to a wing stall and
recovery procedure, noting baseline
vs. iced characteristics: Icing will affect
stall handling, resulting in a sharp stall
break and uncontrolled roll-off
tendency. Pilots will recognize these
characteristics and practice stall
recoveries so as not to induce a
secondary stall during the puli-out.

7. Eull _fiap tail stall and recovery
procedure in iced configuration only:
Tail stalls, other than those due to
power effects, will be initiated by
aggressive pushover maneuvering.
Pilots will recognize column force
lightening, column puising, and learn
to manage pitch inputs to avoid, or
recover from tail stalls.

Recoveries from stall and handling events
encountered during this training block will be
instructed per the emergency procedures in
Reference 5.

4.3 Scenario-based Training

This final block of training will require the
pilot to apply knowledge gained in the
previous blocks to scenarios similar to Line
Oriented Flight Training (LOFT). This
scenario will simulate a flight where icing
conditions are encountered and the pilot is
confronted with ice protection system failures
that result in aircraft handiing problems. For
training purposes, it will be assumed that
diversion is not possible and an instrument
approach and landing is required at the
destination airport. The training pilot will be
vectored by the instructor, acting as Air Traffic
Control, for an ILS approach and landing. The
pilot will plan on completing the approach
using normal procedures and configurations
practiced in the initial block of training. As
previously stated, the flap limitations in the
DHC-6 AFM will be ignored for the purposes
of this evaluation. VVhen the pilot approaches
minimums, and as the final selection of flaps
is made for landing, visual contact will not be
made with the landing environment, requiring
a missed approach. The pilot will execute the
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missed approach and go around. During the
subsequent approach, the pilot will be asked
by the instructor to manage configuration so
as to obtain the maximum amount of flap
possible with acceptable handling
characteristics, considering the possibility of
another missed approach.

As an option, NASA may elect to expose
some of the ftraining pilots to the scenario
based training immediately after the initial
basic handling block is completed. The
purpose of this will be to help NASA assess
the value of the icing characteristics training
relative to the instinctive reactions an
uninitiated pilot may have to an unexpected
handiing event. The selection of the pilots for
this option, if exercised, should involve varying
experience levels.

5.0 ICEFTD Evaluation

The training exercises and multi-media
support material will be organized into a
syllabus format and implemented into the
ICEFTD.

A workshop will be held to demonstrate
the ICEFTD to a group of pilots that will serve
as training pilots. These pilots will be briefed
on the ICEFTD and syllabus by a training
instructor. After the training sessions are
completed, each pilot will be debriefed to
record comments on the following:

1. Learning Achieved.

2. Usefulness of training.

3. Fidelity of simulation.

4. Recommendations for Improvement.

The results will be collated into a format
that will provide an evaluation of the training,
and whether or not the intended goals of the
program were met.

6.0 Summary

As part of the Aviation Safety Program,
NASA is developing an Ice Contamination
Effects Flight Training Device (ICEFTD). The
purpose of the ICEFTD is to demonstrate the
technology and utility of a highly representative
simulation for training pilots to recognize and
recover from aircraft handling anomalies that
result from airframe ice formations.

The icing effects simulation model
development process required comprehensive



wind tunnel tests on a sub-scale complete aircraft
model with and without ice formations. Full-scale
fight tests were performed to validate the
simulation models.

The  simulation models are being
implemented into a PC-based platform for pilot-
in-the-loop simulations. Training exercises and
rnulti-media training materials are being
integrated into a curriculum to provide an
instructor-led training session.

A group of pilots with varying levels of
experience will be led through the training
sessions to help evaluate the utility of the
ICEFTD.

This effort will baseline a methodology for
implementing an icing effects model in flight
simulators, while demonstrating the potential
safety gains from this type of training.
Implementation of this technology in full flight
simulators would likely be done in accordance
with a training syllabus that is predicated on
regulatory requirements, aircraft type, and
operator needs. In the meantime, ICEFTD may
be used as a stand alone training device, serving
as an educational tool for pilots in general.
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Twin Otter Wing Twin Otter Vertical Tail Ice: Chord = 106.0
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Figure 1. Simulated Wing Ice Profile " ° b e ? ¢
Figure 4. Simulated Vertical Tail Root Ice Profile
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Figure 6. Simulation Model Development

Figure 3. Simulated Vertical Tail Tip Ice Profile Process
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Figure 7. NASA Twin Otter in "All-lced"
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Figure 8. Simulation Model Validation Process
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Figure 9. Sample Overdrive result from a no-flap
wing stall with the All Iced configuration
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Figure 11. Proto-type ICEFTD
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